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Abstract: This study reveals the essential load-bearing characteristics of the steel-concrete composite
floor system under fire conditions applying structural stressing state theory. Firstly, the strain data
in the entire process of the fire test are modeled as state variables which can present the slab’s
stressing state evolution characteristics; Then, the state variables are used to build the stressing state
mode and the parameter characterizing the mode. Further, the Mann-Kendall criterion is adopted
to detect the leap points in the evolution curves of the characteristic parameters during the entire
fire exposure process. Also, the evolution curves of the stressing state modes are investigated to
verify the leap profiles around the leap/characteristic points; Finally, the detected leap points are
defined as the failure starting points and elastoplastic branching points, which is unseen in the past
researches focusing on the failure endpoint defined at the ultimate load-bearing state of the
composite floor system. The failure starting point and the elastoplastic branching point are the
embodiment of natural law from quantitative change to quality change of a system rather than an
empirical and statistical judgment. Hence, both characteristic points avoidably exist in the strain
data of the composite floor system undergoing the fire process, which can be revealed through the
proper modeling methods and update the existing theories and methods on structural analysis and
design in fire.

Keywords: Steel-concrete composite floor; Elastoplastic branching; Failure starting; Stressing state
theory; Fire

1. Introduction

The steel-concrete composite floor (SCCF) system is an important horizontal load-bearing
component in building structures, and it composes of reinforcement concrete slabs, the primary and
secondary steel beams underneath the concrete slab, and the interface construction measures between
steel beams and concrete slabs. In the view of fire resistance design, the SCCF system also serves for
the purpose of spatial separation and preventing the fire spread. Compared to beams and columns,
the concrete slabs of the SCCF system have the larger area exposed to fire, and their thicknesses are
relatively small and susceptible to being penetrated through. These unfavorable factors could lead to
some significant safety hazards when the SCCF system is subjected to fire. In the well-known
Cardington fire tests conducted by the Building Research Establishment, the systematic experimental
research was carried out on the fire resistance of the SCCF systems in the full-scale frame structure.
The research showed that all the SCCF systems underwent considerable deflections under fire, but
they still maintained their integrity and did not collapse eventually [1,2]. The reason could be mainly
attributed to the tensile membrane action within the concrete slab under its large deflection, which
plays an active role in enhancing the slab’s load-bearing capacity. However, this aspect received little
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attention in previous studies that were mainly focused on the performance of concrete slabs at small
deflections. In the subsequent period, many researchers carried out a series of experimental studies
on concrete slabs at both ambient and fire conditions with large deflections, aiming to gain a deeper
understanding on the mechanisms of tensile membrane effect. The research goal was to provide the
practical design recommendation for the fire-resistant design of concrete slabs [3-7]. In recent years,
more scholars have continued to conduct more in-depth and meticulous experimental studies, mainly
focusing on the impact of different types of concrete slabs, fire spread patterns, and boundary
restraint conditions on the fire resistance [8—13]. Also, they concerned temperature field data, vertical
deformation, and fire resistance duration, et al.

Conducting fire tests is a time-consuming and labor-intensive work. Therefore, this limitation
makes it impossible for researchers to conduct a large number of experiments to study the impact of
multi-parameter variations on the fire resistance of SCCF systems. In light of this, researchers selected
another way to solve this problem. This way was to utilize various finite element analysis softwares
(such as SAFIR, VULCAN, OpenSEES, ABAQUS, etc.) to obtain the data of stresses, strains, and
internal forces (axial force, bending moment) within the concrete slabs over the fire duration. These
data are difficult to measure in fire tests, and can provide an alternative effective approach for a
deeper understanding of the mechanisms of the tensile membrane effect within the concrete slabs
[14-22]. Additionally, some scholars have established the theoretical formulas for calculating the
load-bearing capacity of the SCCF system under fire conditions considering the contribution of the
tensile membrane effect [23-28].

Although the achievements acquired over the past decade have offered many valuable
recommendations for the fire-resistant design of SCCF systems, there are still some new issues that
require further investigation. In previous studies, scholars have mainly focused on the ultimate load-
bearing capacity or the fire resistance duration of SCCF systems. However, in the fire tests of some
full-scale SCCF systems exposed to fire for over four hours and undergoing significant deflection
(exceeding 1/20 of the span), they rarely exhibited structural failure features such as the rupture of
reinforcement bars, the compressive failure of concrete, or the formation of large through-cracks. In
fact, if the above predefined failure features did not appear, the conducted experiments were
generally considered to be confirmatory, meaning that the concrete slab did not collapse or
experience structural failure within a certain fire exposure duration. Hence, it is a challenge work for
researchers to observe the evolution of some inherent load-bearing mechanisms that occur
throughout the entire fire exposure of the SCCF systems. It is evident that these findings mostly
focused on the specific moment approaching the state of ultimate failure, with insufficient attention
given to the process-oriented mechanical behavior. To an extent, it is possible that these research
approaches may overlook some meaningful working behavior characteristics of SCCF systems.
Therefore, it is necessary to remedy this shortcoming by employing some new theory to reveal the
unseen working characteristics that may appear throughout the entire process of the SCCF systems
in fire, such as: (1) How do the slab strips in the long-span and short-span directions coordinate their
work? (2) When do the turning points of structural normal working state occur? (3) Which direction
and where is the “last line of defense” under extreme fire conditions? These characteristics have
practical guidance for the fire-resistant design and understanding the potential load-bearing capacity
of SCCF systems under extreme conditions.

Lately, Zhou [29] provided structural stressing state theory to address the issues mentioned
above. This new theory and the corresponding analysis methods can reveal the failure starting point
and the elastoplastic branching point in the stressing state evolution of a structure under a full
loading process. Since this theory was established, it has achieved many research results, for instance,
both failure starting points and elastoplastic branching points existing in experimental and simulative
data were presented through the stressing state analysis of structures such as large curvature steel
box beams [30], spiral confined short columns [31], corroded and non-corroded pipe joints [32,33], as
well as the mechanical state transformation during the progressive collapse process of steel frame
structures [34]. These results provided new references for structural design and safety assessment.
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Therefore, this paper intends to apply structural stressing state theory to analyze the stressing
state evolution characteristics of the SCCF system under fire conditions. Firstly, the tested data are
modeled as state variables, and then they are used to build the stressing state modes and
characteristic parameters expressing the stressing state of the SCCF system. Further, the characteristic
points are detected by investigating the evolution curves of the stressing state modes and
characteristic parameters, according to the natural law of quantitative change to qualitative change
of a system. The characteristic points reveal the failure starting point and elastoplastic branching
point, which will provide references for the precise design and safety assessment of the SCCF system
under the fire condition.

2. Structural Stressing State Theory and Methods
2.1. Brief of Structural Stressing State Theory

Structural stressing state theory is a science to study the general working characteristics of
structures based on the natural law from quantitative change to qualitative change of a system. By
modeling and analyzing structural test and simulation data, it can reveal structural failure starting
points and structural elastoplastic branching points, providing references for precise structural
design, safety assessment and risk early warning.

The stressing state of a structure is defined by its inherent and external manifestations, which
can be expressed by experimental and simulated data of structural responses. To model and analyze
structural stressing state, it is generally necessary to convert structural response data (such as strains
and displacements) into state variables. The state variables are then used to construct stressing state
modes and characteristic parameters, called as the stressing state characteristic pair. Subsequently,
the evolution curves of the stressing state characteristic parameters are examined to identify the leap
points. The stressing state mode evolution curves are then inspected to verify the leap features. The
leap points reveal the failure starting point and elastoplastic branching point of the SCCF system.

State Variable: It is well known that structures inevitably exhibit certain inherent and external
deformation characteristics under the action of external loads. Typically, the mechanical behavior of
a structure is demonstrated through parameters such as strain, displacement, and internal forces at
critical locations. However, in the past analysis processes, these parameters have differences in
directionality and physical significance, which are generally distinguished by positive and negative
signs. For example, positive strain represents tensile strain, while negative strain represents
compressive strain. In light of this, structural stressing state modeling and analysis often employ
generalized strain energy density to construct state variables, effectively avoiding the limitations
mentioned above. This paper utilizes generalized strain energy to convert the measured strain data

into state variables.
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The stressing state mode and characteristic parameters are collectively referred to as the
stressing state characteristic pair. Their evolution curves can present the leap features at structural
failure starting points and elastoplastic branching points.

2.2. Mann-Kendall Criterion

In the evolution curves of structural stressing state characteristic parameters, the leap points
need the proper criterion to detect them. Here, the Mann-Kendall (M-K) criterion is adopted to detect
the critical points in the evolution curve of the characteristic parameter. The M-K criterion is a non-
parametric test method recommended by the World Meteorological Organization and widely used
in practical research for trend analysis. It does not require the analyzed samples to follow a specific
distribution and is not affected by other outliers, making it suitable for non-normal distribution data
such as climate and hydrology, with very simple calculations. The specific calculation process for the
M-K criterion is as follows:

1) For the Ej-Fj curve, the cumulative number of samples E; is defined as mi through Equation (4).

- {+1 E>E, (1< j<i)
0 otherwise 4

The term “+1” indicates that if the j-th comparison satisfies the inequality on the right side, an
additional sample is added to the current value.

2) The new random variable dix for the k-th (2<k<x) load step is defined by Equation (5). Its mean

and variance are calculated using Equation (6) and Equation (7), respectively.
k

dlk = i=1 mi
®)
Ed,)=k(k-1)/4 ©
var(d,,) = k(k—1)(2k+5)/ 72 )

3) Equation (8) is used to normalize di to obtain the UF-F; curve.

UF, =d,, —E(d,,)/var(d,) (8)

4) A similar process is carried out for the reverse E;j sequence, named E;. For the sequence Ej, the
cumulative number ni and the random variable da are defined through Equation (9).

- {+1 E>E (1<j< i),zk S
)

0 otherwise
The mean and variance of dz are calculated using Equation (10) and Equation (11), respectively.

E(d,)=k(k-1)/4

(10)
var(d,, ) =k(k—1)(2k +5)/72 )

5) The UBx-Fj curve is obtained using the following Equation (12).
UB, =d,, —E(d,,)//var(d,,),UB, =UB,_,, 12)

2.3. The Detection of Structural Stressing State Characteristics

For the stressing state analysis of a structure or a component, the main steps are as follows,

(a) Convert the tested strain data to obtain the state variables. This approach is not unique and
other transformation methods can also be employed as long as they can present the stressing state
evolution characteristics.

(b) Construct the stressing state characteristic parameters and stressing state modes using the
state variables, and plot their evolution curves. Similarly, the construction method is not unique and
other methods can be used as long as they can present the characteristics of the stressing state
evolution.
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(c) Use the M-K criterion to identify the leap points - trend change points - in the stressing state
characteristic parameter curves. The M-K criterion is not unique either, and other determination
criteria can also be adopted as long as they can determine the leap points on the curves.

(d) Investigate the leap features of the stressing state mode curves at the characteristic points
identified by the stressing state characteristic parameters, to determine or define the start point of
structural failure and the elastoplastic branching point.

This paper will focus on the modeling and analysis of the stressing state based on the strain data
collected from the fire tests of the SCCF systems, revealing the failure starting point and the
elastoplastic branching point during the process of significant deflection in the SCCF systems.

3. Brief of the Fire Test for SCCF System

The authors conducted the fire test on the SCCF systems with spatially steel restraint frames
[35]. The initial purpose of the developed testing device was to calculate and monitor the variation
of the restraint forces of the SCCF systems through mechanical analysis. Due to the high temperatures
beneath the concrete slabs, it is still a challenge technology nowadays, in order to make the strain
measurement points on the steel bars properly work within the concrete slabs subjected to fire. The
test collected the strain data of the steel beams in the upper spatial steel restraint frame.

The tested model of the SCCF system is shown in Figure 1, and Figure2 depicts the dimensions
and reinforcement of the concrete slabs. Additionally, the model was placed on a furnace and its
installation is shown in Figure 3. Four jacks were placed on the top of each column to apply the upper
loads from the above floors, to simulate the actual working condition. Five strain gauges were
arranged along the height of both long-span and short-span beams in the steel restraint frame, as
shown in Figure 3.

‘ Steel restraint frame
—

Steel
column Steel

column

Primary beam-

longer span Primary beam-

Secondary shorter span

beams

Figure 1. The test model of steel-concrete composite floor system [35].

_ = | &
Tlbs@1s0 Zls 2 ts@iso]|[
M gLz ) —m

SL
. {500 | < ths@150 = 130041 -
-
=3
2 N o 4
HiB e
E\ 3 2 b8@150
Hls00 s S s00 || 1
A Bs@150 Sl o
2 /v/\/\/ﬂ’
IS é[ (N
4L =) T
A
= N I
5600 |32s]
1 6250 17
7 7

Figure 2. The steel reinforcement arrangement and dimensions [35].
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Figure 3. The test setup and loading diagram [35].

The internal forces (the axial force and bending moment) within the cross section of the steel
beams can be calculated using the obtained strain data of the steel beams. Several deflection
transducers were arranged on the top surface of the concrete slabs. During the test, the mentioned
steel restraint frame is not exposed to fire directly and is located above the furnace to simulate the
surrounding structure. The bottom secondary beams are located underneath the concrete slab and
exposed to fire directly.

When the SCCF system was exposed to fire for 300 minutes and the temperature at the top
surface of concrete slabs exceeded 180°C, it was considered that the SCCF system reached its
insulation criteria and the fire test was terminated. Simultaneously, the correlation curve between the
mid-span deflection of the concrete slabs and the fire duration is shown in Figure 4. According to
Chinese testing standards, if the maximum deflection of the concrete slabs exceeds 1/50 of the short-
span length (i.e., 3600mm/50=72mm), it is considered that the concrete slabs is no longer suitable to
continue bearing external loads. When the furnace was terminated, the maximum deflection of the
composite floor slabs reached 105.8mm, and no sign of penetrating cracks and collapse phenomena
were observed.

Mid-span vertical deflection (mm)

-55.4 mm
-105.8 mm
120 1 1 1 1 1
0 100 200 300 400 500 600 700
Time (min)

Figure 4. The mid-span vertical deflection of concrete slabs versus time [35].

The test showed the general results at the present analytical paradigm. However, there is a lack
of determination of the important characteristic points in the working process of the SCCF system. It
is well known that the failure of a structure is a process, and this process should have a beginning
point and an end point. Rationally, the existence of structural failure starting point is an undeniable
fact, and it can be inferred that structural response data should contain some information to reflect
the failure starting point. However, the current structural analysis could not find out or does not try
to detect this essential characteristic point. Zhou [29] indicated that only the new theory could reveal
structural failure starting point from the tested data.
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4. Stressing State Analysis of SCCF Systems in Fire

To present the stressing state analysis of the tested data for the SCCF system clearly, Figure 5
illustrates the analytical items and route.

(1) The analysis of the stressing state characteristic
parameters for the long-span and short-span restraint
beams as well as the whole SCCF system.

(2) The analysis of the stressing state modes for the long-
span and short-span restraint beams as well as the whole
SCCF system.

(3) The evolution features of the correlative characteristic
parameter for the whole SCCF system.

(4) The evolution features of the axial and bending
stressing state characteristic pairs.

|

(5) Define the failure starting point and the elastoplastic
branching point of the SCCF system according to the leap
features in the stressing state evolution curves.

Figure 5. The stressing state analysis of the SCCF system in fire.

4.1. The Evolution Features of Stressing State Characteristic Parameters

By using Equation (13), the stressing state characteristic parameters for the long-span and short-

span restraint beams, Ej* and Ef, can be are calculated separately
5

5
B-Yé £-Yd
i=1 i=1 (13)
Then, the sum of Ej* and Ejf values is taken as the characteristic parameter of the whole steel
restraint frame, E~E;j'+E#. Ej can be normalized to get the characteristic parameter Ejnorm. Thus, the
evolution curve of Ejnorm with temperature Tj can be plotted in Figure 6, together with the Ej*-Tj and
Ef-Tjcurves. As shown in Figure 6, three typical leap points P, Q and U, are detected by applying the
M-K criterion. It can be seen that the curve remains essentially flat before the temperature reaches the
characteristic point Q, indicating that there is no significant change in the stressing state evolution of
the SCCF system, and the structure is still in the elastoplastic working stage. After the temperature
exceeds point Q, the slopes of the Ejnom-Tj. Ej*-Tj and ES-Tjcurves increase gradually. It is indicated
that the overall stressing state of the SCCF system begins to take place a qualitative change and the
SCCF system enters the failure stage. When the temperature reaches point U, the slopes of the three
curves increase sharply, and the values of Ei exceed those of Ej simultaneously. It means that a
qualitative change takes place again in the stressing state evolution of the SCCF system, indicating
that point U could be a progressive failure point. In a word, the trending change of the characteristic
parameter values for the upper steel restraint frame implies that the SCCF system starts to enter the
failure stage. Eventually, the temperature of the top surface of the concrete slabs reaches the
insulation failure criterion, and the fire test is terminated after 300 minutes. According to structural
stressing state theory, the leap points P, Q and U during the entire fire exposure process can be
defined as the elastoplastic branching point (Te= 674.2°C, t=10min), the failure starting point
(Te=847.2°C, to=31min) and the progressive failure point (Tu=1046°C, tv=117.2min), respectively.
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Figure 6. The Ejnom-Tj curves and characteristic points of the SCCF system.

4.2. The Evolution Features of Stressing State Modes

By utilizing the strain data collected from the long-span and short-span beams of the upper steel
restraint frame, as well as the GSED values as stressing state characteristic parameters, a stressing
state mode is conducted on the SCCF system under fire conditions. The jump feature of the stressing
state is verified, and a detailed analysis of the stressing state of composite floor system is provided,
revealing the changes of the stressing state when the SCCF system undergoes large deflection in fire.

The GSED values of each strain gauge on the long-span and short-span beams are calculated by
Equations (14) and (15), and combined with the value of GSED calculated earlier, E=Ej*+Ej. Then,
using Equations (16) and (17), the proportion of the GSED value of an individual strain gauge point
to the Ej, denoted as i and B, are calculated. Taking S and S as state variables to construct the
stressing state mode Mj, as defined in Equation (18). The correlation curves between S, B/ and the
temperature Tj are plotted in Figure 7, which represent the evolution process of the stressing state
mode M; along with the increase of the temperature.

0.50
s Bs s, Bis B,
Iy Ty Ml Al 19
0.40 - Q(8472°C)1 U (1046°C)
P (674.2°C . '
L
030 | |
SN
0.20 -
0.10 F
0'00 B I : I
1 1| 11

1 1 1 1
0 200 400 600 800 1000 1200
T, (<C)

Figure 7. The evolution curves and feature of the stressing state mode M;-T;.

As shown in Figure 7, the state variables i maintains the trend without mutation before the
temperature reaches elastoplastic branching point P (Tr= 674.2°C). Once the temperature exceeds
point P, the curves of Mj-T; exhibit a significant alteration and undergo a sharp increase or decrease,
indicating that the load-bearing proportion between the long-span strip and short-span strip of the
SCCF system is gradually changing as the temperature increases.

Subsequently, the values of the GSED proportion f#* and ;% at the short-span direction are
rapidly increasing and reaching a peak at the failure starting point Q (To=847.2°C), with both
accounting for about 60% of the GSED sum. When the temperature exceeds the characteristic point
Q, the values of  and ;% at the short-span direction begin to decrease, and the values of 3, 54,


https://doi.org/10.20944/preprints202405.0437.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2024 doi:10.20944/preprints202405.0437.v1

and B/'° at the long-span direction begin to increase gradually, but the GSED value of the short-span
direction still accounts for a larger proportion. When the temperature exceeds the progressive failure
point U (Tu=1046°C), three curves of the long-span direction, i3, B4, and fBi'5, begin to increase
sharply. Hence, a turning point (P, Q ,U) appears, and it implies an intrinsic change in the load-
bearing mechanism. It is evident that the constructed stressing state mode curve M;j-T; has verified
the evolution characteristics of the stressing state parameter curve of Ejnorm-Tj.

1

N CORIEE ) o NS Y )
25 245 273

(14)
1< 2 1 ¢ 2 1 2
SI S1 2 S2 S5 S5
e DA CH IO 3 NN y P
k=1 k=1 k=1 (15)
1 2 1
ﬂL‘ :;L ﬂu _i ,BLS ;
J > My > > Fj
Ej Ej Ej (16)
Sl S2 Sl
s1 € S2 € S5 €
B = B = B
J J J (17)
Sl S2 S5
v | BB B
j ,BLI L2 IBLS
J oo (18)

4.3. The Evolution Feature of Correlative Characteristic Parameter

The GSED values for the long-span and short-span restrained beams, Ei* and Ej have been
obtained in Section 3.2. Based on these two values, a new stressing state mode is constructed as
following, that is the ratio and the difference of Ej and Ef,

Efatio =ES / ELL, EPV=EjL-ES (19)

The correlation curves of EfRato-Tj and E;PV- T are plotted in Figure 8. These two curves remain
horizontal without significant change until the temperature reaches point P (Tp= 674.2°C), indicating
that the stressing state of the long-span and short-span steel beams are essentially in the similar
working conditions. Subsequently, the curve of Ef-T; exhibits an increasing trend until the
temperature reaches the characteristic point Q (To=847.2°C), where a transformation occurs and
begins to decrease gradually. When the temperature is located at the interval between points Q and
U, although the curve shows a downward trend rapidly, the characteristic parameter value of the
long-span steel beam remains greater than that of the short-span steel beam during this phase. When
the temperature exceeds the progressive failure point U (Tuv=1046°C), the value of E/ft° begins to fall
below 1.0, indicating that the stressing state characteristic values of the long-span steel beam start to
surpass the value of the short-span steel beam. In other word, the long-span strip of the concrete slab
starts to carry more external load than short-span strip.

0.00

-0.25

-0.75

700 800 900 1000 1100 1200 1300

0 200 400 600 800 1000 1200
T, (°C) LRSS

a) The EjRatio-T; curve b) The EPV- Tjcurve
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Figure 8. The evolution curves and features of the characteristic parameters in the directions of long
and short spans.

Similarly, the curve of EPV- Tj, as shown in Figure 8(b), exhibits significant changes at the
characteristic points Q and U, displaying the process of the change in relative magnitude of the
characteristic parameter values of the long-span steel beams and the short-span steel beams. It is
demonstrated that the evolution feature of the load-bearing mechanism of the SCCF system when
subjected to fire.

4.4. The Evolution Features of Axial and Bending Stressing State Characteristic Pairs
4.4.1. The Evolution Features of axial and Bending Stressing State Characteristic Parameters

The GSED values generated by the axial force and bending moment on the cross-section of the
upper steel beams are taken as the state variables, forming the corresponding stressing state
characteristic parameters, that is,

&,16,18, &, &,

axial __

J - axia 1 / axial
5 , E? 1:521:(51. " (20)
bend_gSj_glj | J
j N cn cn
2 E dzzg(g}? % 1)

where, ¢4l is the average strain of cross section of the upper steel beam, E@ is the average axial
generalized strain energy density of the cross section of the steel beam for both the long span and
short span; ¢j*end is the average bending strain of the steel beam’s cross section, and Ej*ed is the average
bending generalized strain energy density of the steel beam’s cross section for both the long span and
short span.

Figure 9 illustrates the correlation curves of the axial stressing state characteristic parameter Ejxial
and the bending state characteristic parameter Ejerd for the steel beams, along with the increasing of
the temperature Tj. As shown, these curves begin to exhibit trending changes at point Q. When the
temperature continues to rise up to point U, the curves start to increase rapidly, and the value of axial
stressing state characteristic parameter is always larger than that of the bending stressing state
characteristic parameter throughout the later process.
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Figure 9. The evolution curves and characteristic points of bending and axial stressing state
characteristic parameters.
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4.4.2. The Evolution Features of Axial and Bending Stressing State Modes

Equations (20) and (21) are used to calculate the axial generalized strain energy (ES>d, Ejladal)
and bending generalized strain energy (Ejbend | Ejbbend) for the long-span and short-span beams,
respectively. Meanwhile, these state variables form the overall stressing state mode of the SCCF
system as illustrated by Equation (22),

Majb _ E/s,axlal E},axml ajb _ Ef,axml /E?,b E;‘,axlal /E?,b
J Es,bend EIT,bend J Es,bend /Eé.i’b EI._,bend /Ez?,b
J J , J J J J (22)

where, Ejab= Ejaxial 4 Ejend |

Figure 10 depicts the M -Tj curves, and it can be seen that all the curves remain horizontal
before point Q, and it means the SCCF system is in a stable working condition. However, it exhibits
a trend change beyond point Q, with these curves starting to diverge from each other. Among the
four curves, the first one to show an upward trend is EfS2<al, followed by Ejl-»ial and Ej-bend at the long-
span direction, which implies that relative significant deflection occurs along the short-span direction
of the SCCF system, causing the upper short-span steel beams subjected to a significant compression
and internal forces of the cross section firstly, and then the same mechanical response appeared
followed by the long-span steel beams.
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Figure 10. The My -Tjcurve and characteristic points.

When the temperature reaches point U, all the curves have a more significant transitional feature
and rise rapidly. Specifically, Ej-»id and Ej-*erd show the fastest growth trend and reach a large value,
while the trend of EfSbend grows slower. These features reflect that the strain energy along the long-
span direction accumulates significantly more than that along the short-span direction, which also
illustrates the evolution of the stressing state mode.

Figure 11 presents the Ri>-T; curves, and it is observed that the curves remain straight before
elastoplastic branching point P (Te= 674.2°C), indicating that the upper steel frame has not yet begun
to provide its constraint effect at a relative lower temperature.
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Figure 11. The R/ -Tj curve and characteristic points.

When the temperature exceeds point P, the proportion of axial and bending GSED for the long-
span steel beam starts to decrease, while the proportion for the short-span beam begins to increase,
indicating that the SCCF system starts to deform due to fire exposure, along with the short-span strip
beginning to bear the external load and showing visible deflection. At the failure starting point Q
(Te=847.2°C), the proportion of axial GSED of long-span and short-span steel beams reaches an
extreme value. At the moment, the axial GSED proportion of the short-span steel beam exceed 60%,
and it is indicated that the short-span strip of the concrete slab is the dominating load-bearing
element. When entering the Q-U intervals, the curves show a reverse trend and begin to converge
gradually, i.e., the percentage of each part tends to equalize. When the temperature reaches the
progressive failure point U (Tu=1046°C), it is evident that the ratio of axial strain energy density and
bending strain energy density at the long-span direction exceeds 60% of the total value and continues
to increase until the fire test was terminated, indicating that the long-span strip is becoming the
primary load-bearing element. In other words, the proportion of the internal force at the short-span
direction is diminishing, and the one at the long-span direction is growing simultaneously.

In summary, two stressing state modes above all exhibit characteristics of the evolution of the
stressing state, demonstrating the corresponding features of the elastoplastic branch point and the
earlier failure point.

4.4.3. The Evolution Features of Axial Stressing State Characteristic Parameter

The long-span and short-span equivalent strain calculated by Equation (20), denoted as ¢jl- 22!
and ¢% 2@l respectively, are used as the stressing state characteristic parameters directly.
Alternatively, these parameters can be taken as state variables to form the stressing state mode of the
SCCF system to investigate their variation with the increase of the temperature Tj, i.e., the evolution
curve of stressing state of the SCCF system, as shown in Figure 12.
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Figure 12. The equivalent strain and temperature curves for the long-span and short-span beam
sections.

It can be seen that before the point P, the value of ¢ #ial is basically unchanged, and ¢ i shows
fluctuating change. In a word, there is no significant change generally. When the temperature exceeds
674.2°C, the equivalent strain ¢lv 4@ at the long-span direction showed a growth trend and then
decreased (always tensile strain), while the strain &% 4 in the short-span direction gradually
increased and showed a compressive strain. This is mainly due to the expansion deformation in the
long-span direction is more obvious than that in the short-span direction, which makes the cross-
section of the long-span beam show a tensile force state.

When the temperature increases to point Q, the deflection in the SCCF system start to increase
gradually, and the long-direction steel beams of the upper steel restraint frames are squeezed
simultaneously. Hence, the internal force of the cross-section of the long-span steel beams transforms
into pressure eventually. Subsequently, the equivalent strain on the steel frame cross-section of both
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long and short spans maintains an increasing trend, but the growth rate of the long span is larger
than that of the short span. When the curve develops to the characteristic point U, the equivalent
strain in the direction of the long span begins to exceed the value of the equivalent strain in the
direction of the short span, and a turning point appears, indicating that the stressing state of the SCCF
system has changed.

Emphatically, if the provided stressing state characteristic pair does not reveal the leap features
at these points clearly, it may be that the adopted method is unsuitable for this case. Anyway, a proper
method can be proposed to evidently present the failure starting point and elastoplastic branching
points. The construction of state variables, stressing state modes, and stressing state characteristic
parameters is quite flexible and not confined to a fixed approach. However, there is one basic goal to
create characteristic curves of the structural stressing state characteristic pair, which is able to
demonstrate the leap features at the points of failure starting and elastoplastic branching clearly.

5. Conclusions

Structural stressing state analysis is firstly applied to reveal the evolution characteristics of the
load-bearing processes of the SCCF system under fire. The achieved results can draw the following
conclusions:

The SCCF system under a fire process certainly presents the failure starting characteristics,
complying with the natural law from quantitative change to qualitative change of any system. The
failure starting point exists in the tested strain data, which needs the proper methods for modeling
the tested strain data. The methods include those for transferring the strain data into state variables,
constructing stressing modes and characteristic parameters, as well as the criterion (such as the M-K
criterion) for judging the leap points in the evolution curves of characteristic parameters. The failure
starting points provide the reference to the accurate estimation of safety and the accurate/rational
design for the SCCF systems in fire.

The SCCF system under a fire process also presents the definite elastoplastic branching
characteristics. Similarly, this needs the proper stressing state modeling methods to position the
elastoplastic branching points in the evolution curves of the stressing state characteristic parameters
made by the tested strain data. The elastoplastic branching point also lays the new foundation to
achieve the accurate/reliable design codes of the SCCF systems in fire. The fire resistant design based
on the elastoplastic branching characteristic has two margins of safety: one from the elastoplastic
branching point to the failure starting point and the other from the failure starting point to the
ultimate point. The former is definite and the latter is semi-definite, which could greatly improve the
fire resistant performance design of SCCF systems.

Also, structural stressing state analysis in this study indicates: At the early stage of a fire, the
composite floor slabs primarily rely on the short-span strip to bear external loads. As the duration of
fire exposure increases, the main direction of load-bearing gradually shifts to the long-span strip of
the composite floor slabs. The critical point transition in the entire fire process can be presented
through structural stressing states analysis, which provides an important reference to the fire
resistant analysis and design of SCCF systems.

In a word, this study also indicates that the tested strain data of the SCCF systems undergoing
the fire process still have some working law which has not been discovered by the existing theories
and methods. Structural stressing state theory and methods presented in this study provide a
reference to the stressing state modeling and analysis of similar structures in fire.
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